We perform an updated analysis for the one-loop induced lepton flavor violating radiative decays l i → l j γ in an extended mirror model. Mixing effects of the neutrinos and charged leptons constructed with a horizontal A 4 symmetry are also taken into account. Current experimental limit and projected sensitivity on the branching ratio of µ → eγ are used to constrain the parameter space of the model. Calculations of two related observables, the electric and magnetic dipole moments of the leptons, are included. Implications concerning the possible detection of mirror leptons at the LHC and the ILC are also discussed. *
I. INTRODUCTION
The electroweak-scale right-handed neutrino (EW-scale ν R ) model was proposed by one of us (PQH) [1] with the following main motivations in mind: 1) To provide a model for the see-saw mechanism which can be realized at the electroweak scale instead of a typical grand unification theory (GUT) scale; 2) To be able to test the seesaw mechanism through the discovery of right-handed neutrinos whose Majorana masses are now bounded by the electroweak scale Λ EW ∼ 246 GeV; 3) To be able to probe at high energies (e.g. at the Large Hadron Collider (LHC)) lepton-number violating processes such as like-sign dilepton events coming from the Majorana nature of the right-handed neutrinos. The electroweak-scale right-handed neutrinos belong to doublets of the Standard Model (SM) SU (2) whose partners are right-handed "heavy" mirror charged leptons. The requirement of the absence of anomaly dictates the addition of right-handed doublets of mirror quarks to the particle spectrum.
Furthermore, left-handed SU (2)-singlet mirror quarks and mirror charged leptons will be the counterparts of their SM right-handed SU (2)-singlet quarks and charged leptons.
The EW-scale ν R model entails extra SU (2) chiral doublets (the mirror fermions) which have many consequences. These mirror fermions enter loop corrections to various quantities and processes such as the electroweak precision parameters, rare processes, etc.
The first type of effects that needs to be examined is the contributions of these extra chiral doublets to the electroweak precision parameters. These calculations have been performed in [2] and it was found that there is a large parameter space where the EW-scale ν R model satisfies the EW precision constraints. In a nutshell, the contributions from the mirror fermions are partially cancelled by those of the scalar sector, in particular the SU (2) triplet scalar.
The next place where mirror fermions enter through loop corrections is rare processes such as µ → e γ and τ → µ γ. In [3] , such processes have been discussed in a generic fashion, with an emphasis on the possible correlation between the observability of the aforementioned rare processes and the decay lengths of the mirror charged leptons, both of which are of phenomenological interests. In this article, we will present an update of the process µ → e γ taking into account recent developments of the model, including experimental inputs from the recently-discovered 125 GeV SM-like scalar [4, 5] . They are summarized below.
The scalar sector of the original model [1] contains one SM-like Higgs doublet and two Higgs triplets, one with Y /2 = 1 containing doubly-charged scalars and one with Y /2 = 0. (The rationale for this sector will be explained in the summary section.)
The discovery of the 125 GeV SM-like scalar has opened up a whole new chapter on any model beyond the SM, in particular those models which have more than one Higgs doublet. In light of this discovery, a close examination of the scalar sector of the EW-scale ν R model [6] revealed that its original Higgs content is insufficient to accommodate the 125 GeV SM-like scalar. It turns out that a simple introduction of an extra Higgs doublet, now totaling two: one of which couples to the SM fermions and the other one to the mirror quarks and charged leptons. This yields two 125-GeV candidates with one being SM-like (dubbed Dr. Jekyll) and the other being very different (Mr. Hyde), both of which giving comparable signal strengths in agreement with ATLAS and CMS data.
Most importantly for the present manuscript is the recent work [7] concerning neutrino and SM charged lepton masses and mixings. The fact that the SM lepton mixing matrix U PMNS (the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix) is so different from the quark counterpart, V CKM (the Cabibbo-Kobayashi-Maskawa mixing matrix), has given rise to many models, many of which invoke the presence of some kind of discrete symmetry. Among these different proposals for the discrete symmetry is the popular A 4 symmetry which has been used to reproduce the tribimaximal form of U PMNS . This symmetry is usually applied to the charged lepton sector [8] and involves four or more Higgs doublets. (Such a large number of Higgs doublets might be hard to accommodate the 125 GeV SM-like scalar with the desired observed properties.) The new twist of [7] is to exhibit the A 4 symmetry in the neutrino Dirac mass sector and the scalar sector involved is composed of SU (2) × U (1) Y -singlet scalars which are not constrained by LHC data. These singlet scalars are composed of a singlet and a triplet of A 4 . This model reproduces the desired PMNS matrix and makes predictions on the charged lepton mass matrix in the form of M l M l † . The singlet scalars play a crucial role in the process µ → e γ in the EW-scale ν R model as shown in [3] and updated below in light the aforementioned developments. The results presented in this paper contain a deep correlation between the branching ratio B(µ → e γ) and the neutrino sector in the form of the PMNS matrix for both normal and inverted hierarchies, as well as the form of the mirror lepton mixing matrix. It will be shown that the exclusion zones in the plots of the branching ratio of B(µ → e γ) versus the Yukawa coupling strengths to the singlets depend a bit on how strong the A 4 -triplet scalars couple to the leptons.
This paper is organized as follows. First, in section II, we summarize the essence of the EW-scale ν R model (original [1] and extended [6] ). Next, in section III, we briefly review constraints from electroweak precision measurements for the original model and from Higgs physics for the extended model. In section IV, we briefly review the results of neutrino and charged lepton masses and mixings [7] . We then proceed with the actual calculations of the process l i → l j γ, the anomalous magnetic dipole moment ∆a l i and the electric dipole moment d l i for the lepton l i in section V. Detailed numerical analysis will be presented in section VI. Implications of our results concerning the possible detection of mirror leptons at the LHC and the ILC are discussed in section VII. We finally summarize and conclude in section VIII. A few useful formulas are collected in an Appendix.
II. REVIEW OF THE EW-SCALE ν R MODEL
For the sake of clarity, we review in this section the original EW-scale ν R model [1] and its extended version [6] .
• Gauge group:
There are many differences between the EW-scale ν R model and the popular
Left-Right symmetric model [9] . The first difference lies in the gauge structure of the two models:
• Lepton and quark SU (2) doublets (the superscript M refer to mirror fermions):
• Lepton and quark SU (2) singlets:
• Doublet Higgs fields:
As explained in [1] , a Higgs doublet is needed to give masses to all charged fermions. The analysis of the properties of the 125-GeV SM-like scalar necessitates the introduction of one extra Higgs doublet as explained in [6] . Each Higgs doublet couples to a different sector: Φ 2 = (φ 
• Triplet Higgs fields:
The SU (2)-triplet Higgs fields form the cornerstone of the EW-scale ν R model.
As shown in [1] , the VEV of the Y /2 = 1 triplet gives an electroweak-scale Majorana mass to the right-handed neutrinos and the Y /2 = 0 triplet is needed to preserve the custodial symmetry so that the ρ parameter equals unity at tree level. This is summarized below. Here we just write down the triplet Higgs fields and their VEVs.
-ξ (Y /2 = 0) = (ξ + , ξ 0 , ξ − ) (in order to restore Custodial Symmetry) with
-VEVs:
• Singlet Higgs fields:
The original model which is basically concerned with the energy scales which enter the seesaw mechanism contains only one SU (2) × U (1) Y -singlet Higgs field φ S whose VEV φ S = v S gives the Dirac mass to the neutrinos (to be summarized below). It was almost a "toy model" in that it did not discuss lepton mixings and, in particular, the PMNS matrix U PMNS . This problem has been recently investigated by [7] within the framework of an A 4 symmetry which is applied to the neutrino sector of the EW-scale ν R model. The upshot of this study was the introduction of an A 4 singlet φ 0S and an A 4 -triplet {φ iS } (i = 1, 2, 3). They obtain the following VEVs v 0 and v i respectively. We will summarize below the main points concerning this singlet scalar sector in the construction of U PMNS and its implication to rare progresses such as µ → eγ.
• Dirac neutrino mass
For simplicity, we will denote the right-handed neutrino fields by ν R from hereon.
The original model contains one singlet scalar whose VEV provides a Dirac mass for the neutrinos. A generic Yukawa coupling is of the form
With φ S = v S , one obtains the Dirac mass m
• Majorana neutrino mass This is the main point of [1] . The electroweak-scale Majorana mass for the right-handed neutrinos is obtained from the following coupling
III. REVIEW OF RESULTS OF THE EW-SCALE ν R MODEL AS DIS-CUSSED IN [2] AND [6] In this review section, we will discuss two sets of results for the EW-scale ν R model obtained in [2] (the electroweak precision constraints) and [6] (constraints from the 125-GeV SM-like scalar).
A. Electroweak precision constraints on the EW-scale ν R model [2] The presence of mirror quark and lepton SU (2)-doublets can, by themselves, seriously affect the constraints coming from electroweak precision data. As noticed in [2] , the positive contribution to the S-parameter coming from the extra righthanded mirror quark and lepton doublets could be partially cancelled by the negative contribution coming from the triplet Higgs fields. Ref. [2] has carried out a detailed analysis of the electroweak precision parameters S and T and found that there is a large parameter space in the model which satisfies the present constraints and that there is no fine tuning due to the large size of the allowed parameter space. It is beyond the scope of the paper to show more details here but a representative plot would be helpful. Fig. 1 shows the contribution of the scalar sector versus that of the mirror fermions to the S-parameter within 1σ and 2σ. In this plot, [2] took for illustrative purpose 3500 data points that fall inside the 2σ blue region with about 100 data points falling inside the 1σ red region. More details can be found in [2] . 
B. Review of the scalar sector of the EW-scale ν R model in light of the discovery of the 125-GeV SM-like scalar [6] In light of the discovery of the 125-GeV SM-like scalar, it is imperative that any model beyond the SM (BSM) shows a scalar spectrum that contains at least one Higgs field with the desired properties as required by experiment. The present data from CMS and ATLAS only show signal strengths that are compatible with the SM Higgs boson. The definition of a signal strength µ is as follows
with
To really distinguish the SM Higgs field from its impostor, it is necessary to measure the partial decay widths and the various branching ratios. In the present absence of such quantities, the best one can do is to present cases which are consistent with the experimental signal strengths. This is what was carried out in [6] .
The minimization of the potential containing the scalars shown above breaks its [6] . The physical scalars can be grouped, based on their transformation properties under SU (2) D as follows:
The three custodial singlets are the CP-even states, one combination of which can be the 125-GeV scalar. In terms of the original fields, one has H
and H As stressed in [6] , present data cannot tell whether or not the 125-GeV scalar is truly SM-like or even if it has a dominant SM-like component. It has also been stressed in [6] that it is essential to measure the partial decay widths of the 125-GeV scalar to truly reveal its nature. Last but not least, in both scenarios, H 0 1M = φ 0r 2M is subdominant but is essential to obtain the agreement with the data as shown in [6] .
As discussed in detail in [6] , for proper vacuum alignment, the potential contains a term proportional to λ 5 (Eq. (32) of [6] ) and it is this term that prevents the appearance of Nambu-Goldstone (NG) bosons in the model. The would-be NG bosons acquire a mass proportional to λ 5 .
An analysis of CP-odd scalar states H 0 3 , H 0 3M and the heavy CP-even states H , H was presented in [6] . The phenomenology of charged scalars including the doubly-charged ones was also discussed in [14] .
The phenomenology of mirror quarks and leptons was briefly discussed in [2] and a detailed analysis of mirror quarks will be presented in [15] . It suffices to mention here that mirror fermions decay into SM fermions through the process q M → qφ S , l M → lφ S with φ S "appearing" as missing energy in the detector. Furthermore, the decay of mirror fermions into SM ones can happen outside the beam pipe and inside the silicon vertex detector. Searches for non-SM fermions do not apply in this case.
It is beyond the scope of the paper to discuss these details here.
IV. REVIEW OF NEUTRINO AND CHARGED LEPTON MASSES AND MIXINGS IN THE EW-SCALE ν R MODEL
Since the ideas and notations coming out of this review will be important for the calculation of the rate of µ → eγ, we will present a little more details than the previous section.
In [7] , a model of the Dirac part of neutrino masses was constructed using the widely popular A 4 symmetry. Unlike previous works on that symmetry where there was a need to introduce several (more than two and typically four or five) Higgs doublets (see the review by [8] ) and where it might be very problematic with the discovery of the 125-GeV SM-like scalar, the main motivation of [7] is to first obtain the Cabibbo-Wolfenstein matrix [16]
which is a prototype of the PMNS matrix with "large" mixing parameters and which, upon a slight modification, could reproduce the "experimental" U PMNS being defined as 3(32, 13, 21) with ω = e i2π/3 , it was argued in [7] that the appropriate set of singlet scalars is composed of an A 4 singlet φ 0S and an A 4 -triplet {φ iS } (i = 1, 2, 3). To reflect the two different ways that the A 4 -triplet can couple to the leptons, [7] wrote down the Lagrangian
where l 0 L and l M,0 R are gauge eigenstates which are related to the mass eigenstates by
Using the aforementioned multiplication rule, one obtains the following matrix
As shown in [7] , reality of neutrino Dirac masses implies that
Furthermore, it was shown that, with v 0 = φ 0S and v i = φ iS = v, the neutrino mass matrix
can be diagonalized, i.e. U † ν M D ν U ν , by the matrix
Notice that U ν ≡ U † CW . Eqs. (14) and (11) will form a basis for our subsequent discussion.
For the purpose of the subsequent sections, we rewrite Eq. (9) as follows
and
The above construction can be straightforwardly generalized for the right-handed leptons and left-handed mirror leptons. Hence the total L S becomes
whereM φ = U † ν M φ U ν and M φ is the same as M φ given by Eq. (11) with g 0S → g 0S , g 1S → g 1S and g 2S → g 2S . Reality of the eigenvalues of M φ also implies g 2S = g * 1S .
In analogous to U PMNS and U M PMNS , we have defined the following mixing matrices for the second term of Eq. (19)
where
L are the unitary matrices relating the gauge eigenstates and the mass eigenstates
V. THE CALCULATION
The one-loop irreducible diagram for l i → l j γ is shown in Fig. (3 
The matrix elements for the four matrices M k (k = 0, 1, 2, 3) are listed in Table I . Table I with the following substitutions g 0S → g 0S and g 1S → g 1S .
A. The process
Lorentz and gauge invariance dictate the form of the amplitude for the process 
where P L,R = (1 ∓ γ 5 )/2. The coefficients C ij L,R can be extracted from the one-loop diagram (Fig. (3) ),
Here we have assumed the mirror lepton masses are much larger than the external fermion masses m l M m m i,j and set m i,j → 0 in the loop functions I(r) and J (r), which are simply given by
J (r) = 1 2(1 − r) 3 
−2r
2 log r + r(3r − 4) + 1 .
In our numerical work for µ → eγ presented in section VI, we will consider the mirror lepton masses of the order a few hundred GeV and the A 4 singlet and triplet scalar masses of the order 10 MeV, thus the ratio r = m The partial width for l i → l j γ is given by
B. Magnetic Dipole Moment
The magnetic dipole moment anomaly for lepton l i can be easily extracted from the above calculation with the following result
C. Electric Dipole Moment
The electric dipole moment operator for a fermion f is usually defined as
where F µν is the electromagnetic field strength and the coefficient d f the electric dipole moment. The electric dipole moment for lepton l i can also be easily extracted from the above calculation with the result
VI. NUMERICAL ANALYSIS
The branching ratio B(µ → eγ) is given by
where τ µ is the lifetime of the muon [17] τ µ = (2.1969811 ± 0.0000022) × 10 −6 s .
In our numerical analysis, we will adopt the following approach:
• For the masses of the singlet scalars φ kS , we take
with a fixed common mass M S = 10 MeV. As long as m φ kS m l M m , our results
will not be affected much by the exact mass relations among these singlet scalars.
• For the masses of the mirror lepton l • We assume all the Yukawa couplings g 0S , g 1S , g 2S , g 0S , g 1S , and g 2S to be all real 1 . As mentioned before, g 2S = (g 1S ) * and g 2S = (g 1S ) * due to the reality of the mass eigenvalues of the Dirac neutrino masses. For simplicity, we also take g 0S = g 0S , g 1S = g 1S and study the following 6 cases:
1. g 0S = 0, g 1S = 0. The A 4 triplet terms are switched off.
g 1S = 10
−2 × g 0S . The A 4 triplet couplings are merely one percent of the singlet ones.
3. g 1S = 10 −1 × g 0S . The A 4 triplet couplings are 10 percent of the singlet ones.
4. g 1S = 0.5 × g 0S . The A 4 triplet couplings are one half of the singlet ones.
5. g 1S = g 0S . Both A 4 singlet and triplet terms have the same weight.
6. g 0S = 0, g 1S = 0. The A 4 singlet terms are switched off.
• For the three unknown mixing matrices U M PMNS , U PMNS and U M PMNS , we will consider two scenarios:
Recall that the standard parameterization of the PMNS matrix is given by In Table II we list the 1σ range of the mixing parameters as given by the recent analysis of global three-neutrino oscillation data in [18, 19] . With the central values for the mixing parameters given in Table II for inverted hierarchy. For each scenario, we consider these two possible solutions for the U PMNS . Due to the small differences between these two solutions, we expect our results are not too sensitive to the neutrino mass hierarchies.
• Limits on B(µ → eγ) from MEG experiment [20] and its projected sensitivity [21] :
• ∆a µ from E821 experiment [22] :
Since the dominant contributions to the loop amplitude arise from the mass insertion of the internal mirror lepton line in Fig. (3) , only the last terms in Eqs. 
while the result from the Brookhaven E821 experiment on ∆a µ (Eq. (41)) imposes
In Figs. (4) - (9) we plot the contour of Log 10 B(µ → eγ) (upper panel) and Log 10 ∆a µ (bottom panel) in the (g 0S or 1S , M mirror ) plane for both normal (left panel) and inverted (right panel) neutrino mass hierarchies for scenarios 1 (red curves) and 2 (blue curves) with the six cases of couplings aforementioned: (1) g 0S = 0, g 1S = 0 (Fig. 4) , (2) g 1S = 10 −2 ×g 0S (Fig. 5) , (3) g 1S = 10 −1 ×g 0S (Fig. 6 ), (4) g 1S = 0.5×g 0S (Fig. 7) , (5) g 0S = g 1S (Fig. 8) , and (6) g 0S = 0, g 1S = 0 (Fig. 9) , respectively.
At the upper panel of each of these figures, the (light) gray area is excluded by the current limit of Log 10 B(µ → eγ) = −12.24 from MEG experiment [20] for scenario (1) 2 respectively. The projected sensitivity of Log 10 B(µ → eγ) = −13.40 [21] is also shown for each scenario in the two plots in the upper panel for comparison. At the bottom panel of each of these figures, the red (blue) area is defined by the Log 10 ∆a µ = −8.54 [22] from the E821 experiment of the Brookhaven National Lab (BNL) for the discrepancy between the SM model prediction and the measurement for the muon anomalous magnetic dipole moment for scenario 1 (2), respectively.
From all the plots in these figures, we observe the following general features. • In the same mass range of the mirror leptons the LFV process µ → eγ is more sensitive to the couplings by almost two order of magnitudes as compared with the anomalous magnetic dipole moment of the muon. This is partly due to the fact that the B(µ → eγ) is quartic in the couplings, while in ∆a µ they are quadratic.
• As one turns on the A 4 triplet coupling g 1S from 0 to g 1S = g 0S (Fig. (4) to Fig. (8) ), the contours for Log 10 B(µ → eγ) (upper panels) are shifting toward to the left, indicating the role of the triplet singlets become more relevant and thus the constraints on parameter space become more stringent from the current MEG limit. However in the last case of Fig. (9) when the A 4 singlet coupling g 0S is set to zero such that only the triplet singlets are contributing in the loop diagram, the contours of Log 10 B(µ → eγ) are slightly shifting back toward to the right. Similar behaviors can be found for the contours of Log 10 ∆a µ , but the effects are tiny and not easily seen on the log scale, except for the last three cases of Figs. (7)-(9) (lower panels). Regarding the sensitivity on the two scenarios, we can obtain the following statement by comparing the red and blue contours corresponding to the scenarios 1 and and 2 in each of these figures.
• The sensitivity of the couplings in the B(µ → eγ) has been weakened by one to two order of magnitudes for scenario 2 as compared to scenario 1. This is due to the fact that in scenario 2, the three unknown unitary mixing matrices are now departure from U † CW , which allows the couplings take on larger val- ues since the amplitudes involve products of the couplings and the elements of mixing matrices. However this sensitivity is not present for the muon anomalous magnetic dipole moment as the distance between the two red and blue contours for the two scenarios in the lower panels of all these plots are well within a small range of the coupling g 0S (or g 1S in Fig. (9) ). For example, at M mirror = 100 GeV, the allowed value of g 0S varies from 10 Regarding the sensitivity on the neutrino mass hierarchies, one can obtain the following statements by comparing the left and right panels in each of these figures.
• As one slowly turns on the A 4 triplet coupling g 1S = 0 (Fig. (4) ) to g 1S =
10
−1 × g 0S (Fig. (6) ), the red contours of Log 10 B(µ → eγ) of scenario 1 in the left and right panels in all these plots remain the same, while the blue contours of scenario 2 in the right panels move toward to the left. This indicates that noticeable differences in the contours of Log 10 B(µ → eγ) between the normal and inverted neutrino mass hierarchies can be seen in these cases. In general the couplings are about an order of magnitude more sensitive in the inverted mass hierarchy than the normal one for scenario 2. However, for g 1S ≥ 0.5×g 0S , these differences diminish.
• There are no discernible differences between the two mass hierarchies for the muon anomalous magnetic dipole moment in both scenarios for all 6 cases of couplings.
VII. IMPLICATIONS
The constraints on the Yukawa couplings coming from µ → eγ has several implications among which two are particularly relevant.
• The size allowed for the Yukawa couplings by present limits on B(µ → eγ)
has an important implication on the decay lengths of the mirror leptons. It is beyond the scope of this paper to discuss this in detail here but a few remarks are in order. In the search for mirror leptons, one would like to look for characteristic signatures which can be distinguished from SM background.
One of such signatures could be events with displaced vertices, in particular events with decay lengths which are macroscopic (l > 1 mm). How this type of events can be correlated to µ → eγ is a topic which was already mentioned in [3] . With the present update which includes a more detailed analysis taking into account mixings in the lepton sector, one can have a better idea of the correlation between the feasibility to observe µ → eγ and the detection of Eq. (19) . We just take one example here for the sake of discussion. The
where (for scenario 2 with the normal hierarchy) Depending on the particular search (e, µ or τ ), a displaced vertex might occur.
For instance, if one focuses on τ , and if g iS g 0S , the constraint on g 0S < 10 −3 (see the above figures) implies that µ M Ri → τ L + φ kS would have a macroscopic decay length. There are many such cases but it is beyond the scope of this paper to discuss this issue at length. We merely point out the relationship between the constraints coming from µ → eγ and the implication on the search for mirror leptons.
• The other implication concerns the VEV of the singlet Higgs fields. Since the seesaw mechanism implies the masses of the light neutrinos are given by ∼ In fact it can even be of the order O(1 GeV). From this observation, it is safe to say that there does not appear to be much of a hierarchy problem in the EW-scale ν R model.
VIII. CONCLUSIONS
In this work, we present an update on a previous analysis [3] for the process µ → eγ performed in the original EW-scale ν R model [1] to an extended model [6] .
Mixings effects of neutrinos and charged leptons constructed with a A 4 symmetry as recently studied in [7] are also taken into account. In this context, the rare process µ → eγ is link to interesting new physics beyond the SM in the lepton sector, like neutrino and charged lepton mass mixings, neutrino mass hierarchies, mirror leptons as well as singlet and triplet scalars of A 4 , etc. The related muon anomalous magnetic dipole moment is also studied in detail for the model.
To summarize, we find that
• One can deduce more stringent constraints on the parameter space of the EWscale ν R model by using the LFV process µ → eγ than the muon anomalous magnetic dipole moment.
• The branching ratio B(µ → eγ) shows some sensitivity to the neutrino mass hierarchies in scenario 2 but not scenario 1, depending on the A 4 triplet coupling constants. However we are not advocating the use of the process µ → eγ to settle the issue of neutrino mass hierarchies. After all, this is a rare process.
• More stringent constraints can be deduced in scenario 1 than scenario 2 using B(µ → eγ).
• Future data from MEG experiment with the projected sensitivity will impose further constraints on the parameter space of the model.
• The muon anomalous magnetic dipole moment is sensitive neither to the neutrino mass hierarchies nor the scenarios for all 6 cases of the couplings studied here for the model. singlet and triplet scalars are likely to escape detection as missing energies.
As an outlook, one would like to generalize this work to µ − e conversion. This work is now in progress and will be reported elsewhere [23] .
